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Heart rate variabilityDuring general anesthesia positive pressure mechanical ventilation (MV) profoundly affects intrathoracic
pressure and venous return, thus soliciting cardiopulmonary reﬂexes and modifying stroke volume. As a con-
sequence heart period, approximated as the temporal distance between two consecutive R peaks on the ECG
(RR), and systolic arterial pressure (SAP) variability series are usually highly correlated at the MV frequency
(MVF) and this signiﬁcant correlation is commonly taken as an indication of an active baroreﬂex. In this study
the involvement of baroreﬂex was tested according to a time-domain linear Granger causality approach ac-
counting explicitly for MV in two experimental protocols. In the ﬁrst protocol volatile (VA) or intravenous
(IA) anesthetic was administered in humans during pressure controlled MV (PCMV). In the second protocol
IA was administered in pigs during PCMV or pressure support MV (PSMV). Causality analysis was contrasted
with RR-SAP squared coherence. Signiﬁcant coherence values at MVF were always found in both protocols.
On the contrary, a signiﬁcant causal link from SAP to RR was less frequently found in humans independently
of the anesthesiological strategy and in animals during PCMV. PSMV was superior to PCMV in animals
because it was able to better preserve a link from SAP to RR. During general anesthesia the involvement of
baroreﬂex in governing RR-SAP variability interactions is largely overestimated by RR-SAP squared coherence
and causality analysis can be exploited to rank anesthesiological strategies and MV modes according to the
ability of preserving a working baroreﬂex.
© 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Baroreﬂex control of heart rate is an important short-term neu-
ral reﬂex aiming at guaranteeing the homeostasis of the organism
through continuous adjustments of heart rate in response to arterial
pressure changes (Smyth et al., 1969). Baroreﬂex sensitivity is usually
depressed during general anesthesia. In particular, both volatile and
intravenous anesthetics have been demonstrated to depress cardiacilano, Dipartimento di Scienze
Laboratorio di Modellistica di
Italy. Tel.: +39 0250319976;
Y-NC-ND license.baroreﬂex sensitivity in humans (Tanaka and Nishikawa, 1999; Sato
et al., 2005) and animals (Palmisano et al., 1991; Akine et al., 2001).
Those studies evaluated the baroreﬂex sensitivity by administering
a vasoactive agent capable to increase or decrease systolic arterial
pressure (SAP) and by observing the magnitude of the evoked heart
period changes. It was proposed that baroreﬂex sensitivity could be
estimated without perturbing cardiovascular regulation from the
analysis of the spontaneous beat-to-beat variability of heart period,
approximated as the temporal distance between two consecutive R
peaks on the ECG (RR), and SAP (Laude et al., 2004). The assessment
of the “spontaneous” baroreﬂex sensitivity postulates a signiﬁcant
correlation between RR and SAP variabilities. Therefore, during gen-
eral anesthesia it is common practice to check the signiﬁcance of
RR-SAP squared coherence at the rate of the mechanical ventilator
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spectral or cross-spectral techniques (De Boer et al., 1985; Pagani
et al., 1988) or to assess the signiﬁcance of the RR-SAP correlation
coefﬁcient (Sato et al., 2005) when spontaneous baroreﬂex sequence
method is exploited (Bertinieri et al., 1985).
Nevertheless, during general anesthesia positive pressure mechani-
cal ventilation (MV) profoundly affects intrathoracic pressure and
venous return and stimulates cardiopulmonary reﬂexes, thus inﬂuenc-
ing directly both SAP and RR variabilities (Beda et al., 2011). As a conse-
quence RR and SAP series might be signiﬁcantly correlated at the MV
frequency (MVF) without any involvement of the baroreﬂex.
We hypothesize that causality analysis, speciﬁcally accounting for
MV, provides different information about the involvement of the baro-
reﬂex during general anesthesia compared to squared coherence func-
tion and could be fruitfully exploited to assess the performance of
anesthesiological treatments andMVmodes in preserving amore phys-
iological cardiovascular control.
The aim of this work is to compare a traditional tool for the assess-
ment of the degree of linear association between RR and SAP
(i.e. squared coherence) with a model-based linear approach for the
estimation of Granger causality in the time domain. While coherence
analysis does not take explicitly into account the temporal direction of
the interactions, causality analysis assesses the statistical dependence
only from SAP to RR and accounts for the confounding inﬂuences of
MV on both RR and SAP variabilities. Comparison was carried out over
two experimental protocols performed during general anesthesia.
The ﬁst protocol compares in humans under pressure controlled
MV (PCMV) two different anesthesiological strategies involving the
utilization of different anesthetics: volatile anesthetic (VA) versus intra-
venous anesthetic (IA). The second protocol compares two differentMV
modes: PCMV versus pressure support MV (PSMV) in animals under IA
administration.
2. Materials and methods
2.1. General anesthesia in humans
Data belong to a database recorded during the NeuroMorfeo trial
(Citerio et al., 2009, 2012) designed to compare VA and IA strategies
under PCMV during neurosurgical procedures for elective cranioto-
my. The details of the experimental protocol are reported elsewhere
(Citerio et al., 2009). Brieﬂy, thirty-seven subjects (aged from 18 to
75 years) gave their written informed consent and were scheduled
for craniotomy for supratentorial lesion. All subjects did not exhibit
signs of intracranial hypertension, were in good physical state (ASA
I-III, Glasgow Coma Scale equal to 15) and were randomly assigned
to one of two anesthesiological strategies. Anesthesia was induced
with propofol, a sedative-hypnotic agent, and remifentanil, as analge-
sic. After intubation of the trachea, patients underwent PCMV with an
inspired mixture of air and oxygen (2:1) using a closed breathing sys-
tem (fresh gas ﬂow of 0.75 l min−1 oxygen and 1.5 l min−1 air
during anesthesia) adjusted to achieve an end-tidal carbon dioxide
of 30–35 mmHg. Ventilation was administered according to PCMV
mode. The mean MVF was 0.24 and 0.25 Hz under administration of
VA and IA respectively.
Anesthesia was maintained according to two anesthesiological
strategies involving the administration of VA or IA. In eighteen sub-
jects anesthesia was maintained through a VA strategy based on the
administration of sevoﬂurane plus remifentanil, while in nineteen
subjects it was maintained via IA strategy based on the administration
of propofol plus remifentanil. The sevoﬂurane was administered in
a 0.75 to 1.25MAC range, while propofol was administered with con-
tinuous infusion at 10 mg Kg−1 h−1 for the ﬁrst 10 minutes, then
reduced to 8 mg Kg−1 h−1 for the next 10 minutes and reduced to
6 mg Kg−1 h−1 thereafter. The range of administration of remifentanil
was from 0.05 to 0.1 μg Kg−1 min−1.The dosage and the administration of drugs were strictly imposed
during surgery for both groups. The protocol adhered to the princi-
ples of the Declaration of Helsinki All experimental procedures were
approved by the Ethical Committee of the San Gerardo Hospital,
Monza, Italy.
ECG (lead II) and invasive arterial pressure were continuously
monitored and recorded one hour after the craniotomy event. Signals
were sampled at 250 Hz and acquired directly through the patient
monitor.
2.2. General anesthesia in animals
This protocol was originally designed tomonitor respiratory sinus ar-
rhythmia under different positive pressureMVmodes (Beda et al, 2012).
A detailed description of the experimental protocol can be found else-
where (Beda et al., 2012). Brieﬂy, eight healthy female juvenile pigs
(32–42 kg)were anesthetized by administering propofol plus sufentanil,
as analgesic. Animals were tracheally intubated with a cuffed tube
(8 mm inner diameter) and instrumented with a catheter in the right
femoral artery. Anesthesia was maintained through IA administration
based on the continuous infusion of propofol (2–7 mg Kg−1 h−1) and
sufentanil (0.3–1.5 μg Kg−1 h−1). MV was performed according to
PCMVor PSMVmodes. Only during PCMVmuscle paralysiswas achieved
by infusion of atracurium (1 mg Kg−1). During PCMV the respiratory
cycle was initiated by the ventilator at a ﬁxed rate, while during PSMV
it was triggered by the animal when his initial spontaneous inspiratory
airﬂow exceeded a predeﬁned threshold (5–7 l min−1). During PSMV
the mean respiratory rate was 0.22 Hz. The MVF during PCMV was set
in each animal according to the spontaneous respiratory rate observed
during PSMV. In both modes, a positive driving pressure was delivered
by the ventilator until a cycling-off condition occurred. More speciﬁcally,
the positive driving pressure was terminated after a ﬁxed time in the
case of PCMV, while in the case of PSMV the cycling-off condition was
reached when the airﬂow went below a given percentage of the peak
inspiratory airﬂow(15–25%). These cycling off conditionsweremanually
adjusted to achieve an inspiration/expiration ratio of 0.3. The inspiratory
driving pressure was tuned cycle-by-cycle by an automatic control
system (Beda et al., 2010) to achieve a target mean tidal volume of
12 ml kg−1 in all modes. The inspirationwas followed by passive expira-
tion. The animals underwent 30 minutes of eachMVmodes in a random-
ized order. When randomization procedure imposed the completion of
the PCMV session before the PSMV one, a brief session of PSMV was
carried out to ﬁnd out the spontaneous respiratory rate of the animal.
Throughout the experimental protocol, anesthetic agents were adminis-
tered at constant infusion rates, the inspired fraction of O2 was 0.4 and
the positive end-expiratory pressure was 5 cmH2O. The protocol adhered
to the principles of the Guide for Care and Use of Vertebrate Animals in
Research and Training. All experimental procedures were approved by
the Animal Care Committee of the Faculty of Medicine Carl Gustav
Carus, Dresden University of Technology, and by the Government of the
State of Saxony.
One non-standard ECG lead and arterial blood pressure from the fem-
oral artery were acquired synchronously during the last 20 minutes of
each MVmode with sampling frequency of 2 kHz. Airﬂowwas acquired
continuously from the ventilator. The respiratory volume signal was
obtained by integrating in time the airﬂow signal.
2.3. Data processing
After locating the R apex on the ECG using parabolic interpolation, RR
was computed. SAP(i), where i is the cardiac beat counter, was assessed
as the maximum arterial pressure inside RR(i). In the experimental pro-
tocol involving animals the respiratory volume signal was sampled in
correspondence to theﬁrst R apex delimiting RR(i). Thismeasurewas in-
dicated as RESP(i) and expressed in liters (l). In the experimental proto-
col involving humans RESP(i) was derived from respiratory–related ECG
Table 1
Time domain parameters during VA and IA in humans.
VA IA
μRR [ms] 958.19 ± 161.13 925.00 ± 147.40
σ2RR [ms2] 582.59 ± 981.32 352.47 ± 744.93
μSAP [mmHg] 107.13 ± 9.24 117.22 ± 16.22*
σ2SAP [mmHg2] 11.40 ± 15.47 15.58 ± 14.81*
VA = volatile anesthetic; IA = intravenous anesthetic. Values are expressed as
mean ± standard deviation. The symbol * indicates a signiﬁcant difference between
VA and IA with p b 0.05.
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SAP(i) and RESP(i) measures were performed on a beat-to-beat basis,
thus obtaining RR = {RR(i), i = 1,…,N}, SAP = {SAP(i), i = 1,…,N}
and RESP = {RESP(i), i = 1,…,N} where N is the series length. N ranged
from 200 to 250 samples. We selected sequences without evident arti-
facts andnon stationarities. RR and SAPmean (μRR and μSAP) and variance
(σ2RR and σ2SAP) were evaluated and expressed in ms, mmHg, ms2 and
mmHg2 respectively. Data sequences were linearly detrended before
any successive analysis.
2.4. Granger-causality test
Given the set of series Ώ = {SAP,RR,RESP}, SAP is said to Granger-
cause RR inΏ (i.e. SAP→ RR) if SAP can provide an unique information
about the future evolution of RR that cannot be derived from any of the
series present inΏ after excluding SAP (Granger, 1969). In other words,
we say that SAP Granger-causes RR if RR can be better predicted in Ώ
than in Ώ-{SAP} = {RR,RESP}. The interactions among the series in Ώ
were described according to a linear time invariant parametric
model (Lutkepohl, 2005). More speciﬁcally, the current sample of RR
(i.e. RR(i)) depended on its own past values, i.e. the autoregressive
(AR) part, plus the contributions of the present and past values of the
remaining two signals (i.e. SAP and RESP). Both SAP and RESPwere con-
sidered as exogenous (X) signals for RR, thus modeling a double X (XX)
inﬂuence on RR. The number of past values of SAP, RR, and RESP was
equal to q and q was optimized according to the Akaike ﬁgure of
merit for multivariate processes (Akaike, 1974). We checked that the
mean square prediction error of the ARXXmodel on RR inΏwas signif-
icantly smaller than that of the ARXmodel on RR inΏ-{SAP} with RESP
as the unique X signal, thus indicating that the goodness of ﬁt of the
ARXX model was larger than that of the ARX one. The signiﬁcance of
the predictability improvement was tested according to the F statistic
with p b 0.01 (Porta et al., 2012). The coefﬁcients of the ARXX and
ARX models were estimated using traditional least-squares approach
and Cholesky decomposition method (Baselli et al., 1997). The series
were ﬁrst demeaned and, then, divided by the standard deviation,
before performing causality test.
2.5. Squared coherence function
Squared RR-SAP coherence function (K2RR-SAP) was exploited to
measure the degree of linear association between RR and SAP as a func-
tion of the frequency (K2RR-SAP(f)). The squared RR-SAP coherence func-
tion was assessed as the ratio of the square RR-SAP cross-spectrum
modulus to the product of the power spectra. K2RR-SAP ranges from 0
to 1, indicating that SAP and RR are completely unrelated and perfectly
linearly associated respectively. A parametric approach exploiting the
bivariate AR model was chosen to estimate cross-spectrum and power
spectra (Baselli et al., 1997). The model order was ﬁxed to 10 and the
coefﬁcients of the model were identiﬁed via least squares approach
(Baselli et al., 1997). K2RR-SAP(f) was sampled in correspondence of the
MVF as detected in correspondence of the dominant peak of the
power spectrum of the RESP series. The signiﬁcance of K2RR-SAP(MVF)
was assessed using the technique of surrogate data. Surrogate pairs
were constructed simply bymatching up the original RR series of a sub-
ject (or animal) with the original SAP series taken from another one.
Only the matching of the RR series with the SAP one taken from the
same subject (or animal) was prevented in the construction of the sur-
rogate set; thus the number of surrogate pairs is equal to the number of
subjects (or animals)minus 1. K2RR-SAP(MVF)was assessed from all sur-
rogate pairs in each protocol. The 95th percentile of K2RR-SAP(MVF)
distribution derived from surrogate was taken as the threshold for sig-
niﬁcance. If K2RR-SAP(MVF) computed over the RR and SAP relevant to
the same subject (or animal)was larger than the threshold, the strength
of the RR-SAP relation was deemed as signiﬁcant.2.6. Statistical analysis
The unpaired t-test, orMann–Whitney rank sum testwhen appropri-
ate,was applied to checkwhether time domain parameters depended on
the anesthesiological strategy in humans. The paired t-test, or Wilcoxon
signed rank test when appropriate, was applied to check whether time
domain parameters depended on the MV strategy in animals. The χ2
test was performed to check the difference between the percentage of
the subjects (or animals) exhibiting a signiﬁcant K2RR-SAP(MVF) and
that of the subjects (or animals) exhibiting a signiﬁcant causal relation
from SAP to RR. Values were reported as mean ± standard deviation. A
p b 0.05 was always considered as signiﬁcant.
3. Results
Table 1 reports time domain parameters obtained from humans in
VA and IA groups. The RR mean, μRR, and the RR variance, σ2RR, were
similar in VA and IA groups. The SAPmean, μSAP, and the SAP variance,
σ2SAP, were signiﬁcantly larger during IA.
Table 2 reports time domain parameters obtained from pigs in
PCMV and PSMV groups. While μRR, μSAP and σ2SAP were similar in
PCMV and PSMV groups, σ2RR was signiﬁcantly larger during PSMV.
Two examples of RR, SAP and RESP series with no signiﬁcant caus-
al relation from SAP to RR are shown in Figs. 1a,b,c and 2a,b,c. The
series depicted in Fig. 1 were recorded from a human subject, while
those shown in Fig. 2 were acquired from an animal. In both ﬁgures
the time series were obtained during PCMV under IA. In both ﬁgures
RR and SAP series appear to be dominated by oscillations at the MVF.
In these examples causality test suggests that the large fast ﬂuctuations
of the RR series do not occur in response to SAP changes, thus indicating
a negligible involvement of baroreﬂex. Despite the virtually absent
causal link from SAP to RR, K2RR-SAP(f) is close to 1 at the MVF and its
harmonics (Fig. 3a,b) as a likely effect of the common action of the
MV on both series.
Tables 3 and 4 show indexes relevant to RR-SAP variability interac-
tions in humans and animals respectively. Results are reported in terms
of percentage of subjects showing a signiﬁcant value of K2RR-SAP(f) at the
MVF (i.e. K2RR-SAP(MVF)) and a signiﬁcant causal relation from SAP to
RR (i.e.. SAP→ RR). Signiﬁcant K2RR-SAP(MVF) was found in 100% of
humans during PCMV under both VA and IA strategies (Tab.3) and in
100% of animals under IA during both PCMV and PSMV modes (Tab.4).
A signiﬁcant SAP→ RR was detected in 39% and 63% of humans during
PCMV under VA and IA respectively (Tab.3). The percentage of subjects
with signiﬁcant K2RR-SAP(MVF) was signiﬁcantly higher than that with
SAP→ RR during PCMV under both VA and IA. A signiﬁcant SAP→ RR
was detected in 62% and 100% of animals under IA during PCMV and
PSMV respectively (Tab.4). Under IA during PCMV the percentage of ani-
malswith a signiﬁcant SAP→ RRwas signiﬁcantly smaller than thatwith
a signiﬁcant K2RR-SAP(MVF), while during PSMV coherence and causality
analyses provided the same percentage (i.e. 100%).
4. Discussion
The main ﬁndings of this study can be summarized as follows:
1) RR-SAP squared coherence overestimates the role played by baroreﬂex
Table 2
Time domain parameters during PCMV and PSMV in pigs.
PCMV PSMV
μRR [ms] 652.26 ± 44.56 651.30 ± 76.20
σ2RR [ms2] 48.09 ± 47.90 662.53 ± 936.40*
μSAP [mmHg] 121.92 ± 15.75 120.21 ± 15.66
σ2SAP [mmHg2] 3.69 ± 2.71 5.76 ± 2.79
PCMV = pressure controlledmechanical ventilation; PSMV = pressure supportmechanical
ventilation. Values are expressed as mean ± standard deviation. The symbol * indicates a
signiﬁcant difference between PCMV and PSMV with p b 0.05.
Fig. 2. RR (a), SAP (b) and RESP (c) series in a pig with no signiﬁcant causal relation
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thesia; 2) causality analysis accounting for MV is able to detect a causal
link from SAP to RR during general anesthesia, thus suggesting a working
baroreﬂex; 3) in humans accounting for MV decreases the probability of
ﬁnding a signiﬁcant causal relation from SAP to RR compared to a causal-
ity analysis based solely on RR and SAP variabilities, especially during
PCMV under VA; 4) during PCMV mechanisms other than baroreﬂex
are responsible for the high degree of association between RR and SAP
at the MVF; 5) PSMV can preserve baroreﬂex control better than PCMV.
Under spontaneous closed loop conditions and in presence of
small SAP changes it might happen that baroreﬂex contributes negli-
gibly to the overall amount of RR variations especially in presence of a
depressed baroreﬂex sensitivity. In this situation a sound procedure
to assess baroreﬂex sensitivity based on spontaneous RR and SAP var-
iabilities should advise that baroreﬂex sensitivity cannot be safely
inferred. This warning is currently provided by the coherence function.
If the coherence function is smaller than a threshold, RR and SAP series
are irrelevantly linked and, thus, the estimate of the baroreﬂex sensitiv-
itymight be unreliable (De Boer et al., 1985). Usually the threshold is set
at an arbitrarily, even though large, value (i.e. 0.5) (De Boer et al., 1985),
or calculated based on the distribution of the coherence values derivedFig. 1. RR (a), SAP (b) and RESP (c) series in a human subject with no signiﬁcant causal
relation from SAP to RR during PCMV under IA.
from SAP to RR during PCMV under IA.analytically under the null hypothesis of uncoupling between two series
withwell-known statistical properties (Barres et al., 2004) or computed
based on the construction of a distribution of coherence values derived
empirically according to a set of uncoupled iso-distributed iso-spectral
surrogates (Porta et al., 2002; Faes et al., 2004). However, a signiﬁcant
association between RR and SAP series might be solely due to Starling's
law and diastolic runoff causing changes of SAP in response tomodiﬁca-
tions of RR (Baselli et al., 1994; Porta et al., 2002). Therefore, aFig. 3. Squared coherence function, K2RR-SAP(f), computed in a human subject (a) and a
pig (b) with no signiﬁcant causal relation from SAP to RR. RR and SAP series are shown
in Figs. 1a,b and 2a,b respectively. Despite the virtually absent causal link from SAP to
RR, K2RR-SAP(f) exhibits values close to 1 in correspondence of the MVF and its har-
monics, as a likely effect of the common perturbation on both series due to MV. The
conventional threshold of signiﬁcance for K2RR-SAP(f) (i.e. 0.5) is shown as a dotted line.
Table 3
Percentage of subjects showing signiﬁcant RR-SAP interactions during VA and IA.
VA IA
K2RR-SAP(MVF) 100% 100%
SAP → RR 39%# 63%#
VA = volatile anesthetic; IA = intravenous anesthetic; MVF = mechanical ventilation
frequency; K2RR-SAP(MVF) = squared coherence at MVF. The symbol # indicates a
signiﬁcant difference between coherence and causality analyses within the same
experimental condition with p b 0.05.
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cy cannot be taken as a reliable proof of baroreﬂex involvement at that
frequency. Conversely, only a causality test checking a speciﬁc temporal
direction of the interactions (i.e. from SAP to RR) can provide a convinc-
ing evidence of the baroreﬂex involvement.
This study compares results of squared coherence analysis between
RR and SAP variabilitieswith those provided by a causality test assessing
the presence of a signiﬁcant causal relation from SAP to RR in humans
and animals during general anesthesia. We found that, regardless of
the anesthetic administrationmode andMV technique, in both humans
and animals, RR and SAP variabilitieswere signiﬁcantly correlated at the
MVF. This ﬁnding is not surprising. Indeed, during general anesthesia
under MV the amplitude of the RR and SAP oscillations at the MVF is
not negligible (Beda et al., 2011). SAP changes at theMVF are the result
of the modulation of the venous return, cardiac preload and afterload
and stroke volume due to changes of intrathoracic pressure (Innes
et al., 1993; Baselli et al., 1994) and of the link from RR to SAP due to
diastolic runoff and Starling law (Baselli et al., 1994). RR changes at
the MVF can be the result of the stimulation of cardiopulmonary recep-
tors (Hakumaki, 1987), of themechanical stimulation of sinus node due
to changes of the intrathoracic pressure (Bernardi et al., 1989), of the
coupling between respiratory centers and vagal outﬂow (Porta et al.,
2000; Eckberg, 2003) and of baroreﬂex (De Boer et al., 1987). These
mechanisms contribute to the raise of the values of RR-SAP squared
coherence at the MVF above the threshold of signiﬁcance observed in
all cases in both protocols.
Conversely, causality analysis was able to recognize that RR variabil-
ity was driven by SAP changes in a signiﬁcantly smaller percentage of
humans during PCMV under both IA and VA. The same observation
held in animals under IA strategy during PCMV. Therefore, we conclude
that during PCMV squared coherence overestimates the role of barore-
ﬂex in governing RR-SAP variability interactions andmechanisms other
than baroreﬂex concur to determine the large RR-SAP correlation at the
MVF. As a consequence of this ﬁnding we strongly advise that barore-
ﬂex sensitivity estimated from spontaneous RR and SAP variabilities
during PCMV might be unreliable even in presence of a high value of
squared coherence function at theMVF. In addition, this study supports
themore physiological action of the PSMVmode compared to the PCMV
one. Indeed, in animals under IA during PSMV the RR-SAP link was, at
least partially, due to the solicitation of baroreﬂex. This ﬁnding is not
in contrast with the possible action of mechanisms, different from baro-
reﬂex, capable of producing RR changes independent of SAP variations
suggested in Beda et al. (2012). Thesemechanisms,working speciﬁcally
at theMVF,might coexist with an active baroreﬂexworking over differ-
ent temporal scales (e.g. in the low frequency band), thus contributing
all together to the overall amount of RR variability. A Granger causalityTable 4
Percentage of pigs showing signiﬁcant RR-SAP interactions during PCMV and PSMV.
PCMV PSMV
K2RR-SAP(MVF) 100% 100%
SAP → RR 62%# 100%
PCMV = pressure controlledmechanical ventilation; PSMV = pressure supportmechanical
ventilation; MVF = mechanical ventilation frequency; K2RR-SAP(MVF) = squared coherence
at MVF. The symbol # indicates a signiﬁcant difference between coherence and causality
analyses with the same experimental condition with p b 0.05.analysis performed in the frequency domain (Baccalà and Sameshima,
2001; Kaminski et al., 2001; Porta et al., 2002) might be able to clarify
this issue.
A previous study suggested that a signiﬁcant causal relation from
SAP to RR could be found in the majority of subjects during general
anesthesia, thus suggesting that baroreﬂex was still working (Bassani
et al., 2012) even though with a lower baroreﬂex sensitivity (Tanaka
and Nishikawa, 1999; Sato et al., 2005). This ﬁnding was based on a
Granger causality bivariate analysis performed solely over SAP and RR
series. Since it was demonstrated that respiration is a latent confounder
for RR-SAP causal interactions (i.e. disregarding respirationmight intro-
duce spurious causal links between RR and SAP series) (Porta et al.,
2012), one of the major aim of this study was to verify if our previous
conclusions about the relevance of the causal relation from SAP to RR
(Bassani et al., 2012) were still valid even when accounting for MV.
The present study conﬁrms that causality from SAP to RR was still
detectable even when the latent confounder of MV was accounted for.
However, the percentage of subjects exhibiting causal relations from
SAP to RR was decreased compared to our previous study (Bassani
et al., 2012), especially during PCMV under VA, thus conﬁrming the
importance of accounting for MV when assessing RR-SAP causal
relations.
5. Conclusions
This study exploits a time-domain approach to causality analysis,
explicitly accounting for MV, as a tool to assess the performance of
anesthesiological treatments and MV strategies. The analysis suggests
a novel criterion for ranking anesthesiological treatments andMV strat-
egies according to their ability to preserve the involvement of baroreﬂex
in regulating RR-SAP variability interactions. According to this criterion
PSMV ranked better than PCMV. In addition, the proposed analysis
allows a more precise deﬁnition of the scope of applicability of the
methods assessing spontaneous baroreﬂex sensitivity based on spectral
and cross-spectral analyses during general anesthesia. Indeed, they
should be applied only in those anesthesiological treatments and MV
strategies capable to guarantee a signiﬁcant causal relation from SAP
to RR in a large percentage of cases, such as during PSMV, or, indepen-
dently of the anesthesiological treatment and MV strategy, on an indi-
vidual basis over those subjects preserving causality from SAP to RR.
Future studies should compare different modalities utilized to acquire
respiratory signal with the speciﬁc aim to understand if they lead to dif-
ferent conclusions in terms of causal relations among cardiovascular
variables.
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